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The smallpox vaccine is the prototypic vaccine, yet the viral targets critical for vaccine-mediated protection
remain unclear in humans. We have produced protein microarrays of a near-complete vaccinia proteome and
used them to determine the major antigen specificities of the human humoral immune response to the smallpox
vaccine (Dryvax). H3L, an intracellular mature virion envelope protein, was consistently recognized by high-
titer antibodies in the majority of human donors, particularly after secondary immunization. We then focused
on examining H3L as a valuable human antibody target. Purified human anti-H3L antibodies exhibited
substantial vaccinia virus-neutralizing activity in vitro (50% plaque reduction neutralization test [PRNT50] �
44 �g/ml). Mice also make an immunodominant antibody response to H3L after vaccination with vaccinia
virus, as determined by vaccinia virus protein microarray. Mice were immunized with recombinant H3L
protein to examine H3L-specific antibody responses in greater detail. H3L-immunized mice developed high-
titer vaccinia virus-neutralizing antibodies (mean PRNT50 � 1:3,760). Importantly, H3L-immunized mice were
subsequently protected against lethal intranasal challenges with 1 or 5 50% lethal doses (LD50) of pathogenic
vaccinia virus strain WR, demonstrating the in vivo value of an anti-H3L response. To formally demonstrate
that neutralizing anti-H3L antibodies are protective in vivo, we performed anti-H3L serum passive-transfer
experiments. Mice receiving H3L-neutralizing antiserum were protected from a lethal challenge with 3 LD50 of
vaccinia virus strain WR (5/10 versus 0/10; P < 0.02). Together, these data show that H3L is a major target
of the human anti-poxvirus antibody response and is likely to be a key contributor to protection against
poxvirus infection and disease.

Vaccines are one of the most cost-effective medical treat-
ments in modern civilization (51). A smallpox vaccine was the
first human vaccine, and vaccinia virus (VV) is considered the
most successful human vaccine, having brought about the
worldwide eradication of smallpox disease (20). Nevertheless,
the mechanisms of adaptive immune protection elicited by the
smallpox vaccine in humans generally remain unclear. There is
currently greatly renewed interest in smallpox immunity due to
the possible threat of bioterrorism (29). Given this concern,
there has been much discussion about both the mechanisms of
protection afforded by the smallpox vaccine and the possible
development of safer alternatives to Dryvax, the current U.S.
licensed human smallpox vaccine.

Our goal is to identify key antigenic targets of VV that are
recognized by vaccinated humans and that are critical for pro-
tection against disease. These efforts are important for devel-
oping a clear understanding of the mechanisms of protection
afforded by this prototypic vaccine. In addition, knowledge of

key antigenic targets will be instructive for ongoing efforts to
design alternative smallpox vaccines, as development and as-
sessment of novel smallpox vaccines will be dependent on a
detailed understanding of correlates of immunity.

Vaccines elicit three major types of immune responses that
are each considered important in protective long-term immu-
nity: antibodies, memory T cells, and memory B cells (11, 49,
56). Humans with either cellular or humoral immune deficien-
cies exhibit heightened susceptibility to poxvirus infection (38,
41). Antibodies are the body’s first line of defense against
infection, and circulating antibodies are the primary indicator
of immunity for most human vaccines (11, 49). Antibodies can
be protective against smallpox (variola virus) infection of hu-
mans (20, 39), presumably both by neutralizing the initial virus
inoculum and by limiting the spread of virus particles within
the host after infection is initiated. It is now clear from many
studies that memory T cells (CD8, CD4, or a combination) are
valuable for protection against a variety of infectious diseases
(63), including poxviruses (4, 58, 60, 68). The smallpox vaccine
is known to elicit T-cell responses in humans (12, 16, 22, 27),
and VV-specific memory T cells are likely to be important
components of the vaccine-mediated protection against small-
pox virus (38, 41, 56). Memory B cells are also likely contrib-
utors to human immunity to smallpox, both by their ability to
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rapidly respond to infection with an anamnestic antibody re-
sponse and by their potential ability to replenish long-lived
plasma cells to maintain long-term serum antibody levels (5,
12). Given the renewed interest in smallpox, recent research
efforts by a number of groups have focused on identifying the
smallpox vaccine targets recognized by the different arms of
the adaptive immune system, in both mice and humans (3, 21,
45, 58–60), to obtain information regarding potential corre-
lates of immunity.

A variety of immunogenic VV antigens eliciting antibody
responses have been identified in the literature, but the vast
majority of that work was done in animal models. We have
focused our efforts on understanding the human humoral im-
mune response to VV. These efforts have centered on identi-
fying the antigen specificities of the human anti-VV antibody
response and determining which antibody targets are likely to
be functionally valuable in protection. To do this, we utilized a
novel proteomics approach to first globally identify the VV
antigens recognized by sera from human Dryvax vaccinees. We
found that H3L was a dominant antigen in the human antibody
response. That observation led us to focus on understanding
the biological relevance of H3L as a major target of human
anti-VV antibody responses. We demonstrated that affinity-
purified human anti-H3L exhibited VV-neutralizing activity in
vitro. We then showed that mice immunized with recombinant
H3L protein generated high titers of neutralizing antibodies.
Importantly, H3L-immunized mice were subsequently pro-
tected against lethal intranasal challenges with pathogenic VV.
We then formally demonstrated that neutralizing anti-H3L
antibodies are protective in vivo by serum passive-transfer ex-
periments. These data show that H3L is a major target of the
human anti-poxvirus antibody response and is likely to be a key
contributor to protection against poxvirus infection and dis-
ease.

MATERIALS AND METHODS

Sera. For human antibodies we used vaccinia immune globulin (VIG; Cangene
Corp., Winnipeg, Canada) and sera from a panel of 15 volunteers who donated
blood before and 30 days after vaccination with Dryvax. Sera were stored as
aliquots at �70°C. The individual donors were either vaccinia virus naı̈ve at the
time of vaccination (n � 4) or had been vaccinated against smallpox in childhood
and were receiving a booster vaccination (n � 11). Mouse anti-vaccinia virus
serum was obtained by retro-orbital bleed from BALB/c mice at various time
points postinfection with 5 � 105 PFU VVWR or 1 � 105 PFU VVNYBOH

administered intraperitoneally (i.p.). Mouse anti-H3L sera were generated by
immunizing mice with purified recombinant H3L protein emulsified in Freund’s
complete adjuvant and boosting 3 weeks later with antigen in incomplete
Freund’s adjuvant (200 �g H3L/dose). Rabbit anti-H3L sera for passive-transfer
experiments were generated by immunizing two rabbits with recombinant H3L
protein emulsified in Freund’s complete adjuvant and boosting seven times over
12 weeks with antigen in incomplete Freund’s adjuvant (200 �g H3L/dose).

Viruses. VVWR stocks were grown on HeLa cells in T175 flasks, infecting at a
multiplicity of infection of 0.5. Cells were harvested at 60 h, and virus was
isolated by rapidly freeze-thawing the cell pellet three times in a volume of 2.3 ml
RPMI plus 1% fetal calf serum (FCS). Cell debris was removed by centrifuga-
tion. Clarified supernatant was frozen at �80°C as virus stock. VVWR stocks
were titered on Vero cells (�2 � 108 PFU/ml). VVNYBOH stocks were generated
as low-passage stocks from commercial Dryvax, using the same conditions de-
scribed for VVWR above.

Production and probing of vaccinia proteome microarray. The high-through-
put cloning and expression platform is described in detail elsewhere (15). Briefly,
custom PCR primers comprising 20 bp of gene-specific sequence with 33 bp of
“adapter” sequences were used in PCRs with vaccinia virus WR strain genomic
DNA as a template. The adapter sequences, which become incorporated into the

termini flanking the amplified gene, were homologous to the cloning site of the
T7 expression vector pNHisCHA (Gene Therapy Systems, San Diego, CA) and
allowed the PCR products to be cloned by homologous recombination in com-
petent DH5� cells. The adapters also incorporated a 5� polyhistidine epitope, an
ATG translation start codon, and a 3� hemagglutinin epitope and T7 terminator.
Sequence-confirmed plasmids were expressed in 5-h in vitro transcription-trans-
lation reactions (RTS 100 kits from Roche) according to the manufacturer’s
instructions. Protein expression was monitored either by dot blot or microarray
using both monoclonal anti-polyhistidine (clone His-1 from Sigma) and mono-
clonal anti-hemagglutinin (clone 3F10 from Roche) antibodies, followed by ap-
propriate secondary antibodies. Microarrays were printed onto nitrocellulose-
coated glass slides (FAST from Schleicher & Schuell Bioscience) using an Omni
Grid 100 microarray printer (Gene Machines). Prior to array staining, the sera
were diluted to 1/50 in Protein Array Blocking Buffer (Schleicher & Schuell
Bioscience) containing Escherichia coli lysate at a final concentration of 10% and
incubated at 18°C for 1 h with constant mixing. The arrays were rehydrated in
blocking buffer for 30 min and probed with the pretreated sera for 1 to 2 h at
18°C with constant agitation. The slides were then washed five times in Tris
buffer containing 0.05% Tween 20, and bound antibodies were detected by
incubation in Cy3-conjugated goat anti-human immunoglobulin A (IgA) plus
IgG plus IgM (heavy and light chains) secondary antibody (Jackson ImmunoRe-
search) diluted 1/2,500 in blocking buffer. After being washed five times, the
slides were air dried under brief centrifugation and stored at 18°C in a desiccator.
The arrays were examined in a GSI Lumonics ScanArray 4000 confocal glass
slide scanner, and intensities were quantified using QuantArray software. All
signal intensities were corrected for background, and vaccinia virus-specific sig-
nals were plotted as signal intensities.

Whole vaccinia virus ELISA. VV antigen preparation for antibody enzyme-
linked immunosorbent assay (ELISA) use was done by UV inactivating stock
VVNYBOH with trioxsalen-psoralen (4� aminomethyl-trioxsalen HCl; Calbio-
chem) (11, 12). VVNYBOH (108 PFU/ml) in 0.1% bovine serum albumin and 10
�g/ml trioxsalen was incubated for 10 min at room temperature and then UV
inactivated with 2.25 J/cm2 (Stratalinker 1800; Stratagene, CA). This resulted in
a 	108-fold reduction in PFU. The UV-inactivated virus was then used at a 1:25
dilution in phosphate-buffered saline (PBS) with bovine serum albumin supple-
mented to a final concentration of 0.1%. Direct ELISA was done using Nunc
Polysorp flat-bottomed 96-well plates coated overnight with 100 �l/well VV
antigen. The plates were washed, and serum samples were added to the plates
and serially diluted (twofold dilutions) in PBS plus 0.05%Tween 20 plus 10%
FCS. Caltag horseradish peroxidase-conjugated goat anti-mouse IgG
 diluted
1:1,000 in PBS plus 0.05% Tween 20 plus 10% FCS was used for detection. The
plates were developed using o-phenylenediamine, and the optical density at 490
nm (OD490) was read on a SpectraMax 250 (Molecular Devices). Anti-VV serum
IgG antibody titers were determined as endpoint titers 0.1 OD unit more than
background (no serum well).

Purification of H3L. One-liter cultures of E. coli (strain BL21) transformed
with pNHisCHA/H3L (VVWR strain H3L) were grown in the presence of kana-
mycin to an OD600 of 0.4 to 0.6 and induced with 0.4 mM IPTG (isopropyl-�-
D-thiogalactopyranoside) overnight. The cell pellets were resuspended in 5 ml
lysis buffer (Bugbuster reagent from Novagen) per gram of cells. Lysates were
clarified at 30,500 � g and frozen at �80°C. Cell extracts were loaded onto 1 ml
or 5 ml nickel-coated columns (Amersham), washed in buffer A (500 mM NaCl,
20 mM NaH2PO4, 20 mM imidazole, 10% glycerol), and eluted in a stepwise
gradient (200 to 500 mM) of imidazole. H3L elutes at 325 mM imidazole. The
eluted protein was then dialyzed in PBS and adjusted to 1 to 1.5 mg/ml.

Affinity purification of H3L antibodies from VIG. Recombinant H3L obtained
from 1-liter cultures of IPTG-induced E. coli was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotted onto nitrocellu-
lose membranes. The H3L band was cut from the nitrocellulose and cut into
fragments, blocked for 4 h in 5% fat-free milk powder in PBS, washed, and then
incubated overnight with constant agitation at 4°C in 1 ml vaccinia immune
globulin (VIG) diluted 1/10 in blocking buffer. After extensive washing (10 times
in Tris-buffered saline plus 0.05% Tween 20), the bound antibody was eluted for
1 min in 0.1 M glycine-0.15 M NaCl, pH 2.4, and collected into 1 M Tris-HCl, pH
8.2. The eluate was then concentrated and transferred into serum-free Iscove’s
modified Dulbecco’s medium using Centricon columns. Prior to neutralization
assay, the purified antibody was quantified by Bradford assay, and the purity of
the antibody was confirmed using Western blots of whole vaccinia virus particles
transferred to nitrocellulose. Pure antibody gave a single band on Western
blotting corresponding to H3L.

Plaque reduction neutralization tests (PRNT50). CV-1 cells or VeroE6 cells
were seeded into 12-well Costar plates (Corning Inc., Corning, NY) and used
within 2 days of reaching confluence. Test sera were heat inactivated (56°C; 30
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min), and twofold serial dilutions were performed in serum-free Iscove’s modi-
fied Dulbecco’s medium. The diluted sera were then incubated in an equal
volume of sonicated vaccinia virus WR (103 PFU/ml) overnight at 37°C accord-
ing to the method of Newman et al. (47). The CV-1 cells were rinsed in serum-
free medium, the medium was aspirated, and 100 �l of virus-serum mixture was
added to each well in duplicate and left to adsorb for 60 min at 37°C with
periodic swirling. One milliliter of complete medium was then added, and the
plates were incubated for 2 days for the plaques to develop. The medium was
then aspirated, the cells were fixed and stained in one step with 0.1% crystal
violet in 20% ethanol, and the plaques were quantified over white-light transil-
lumination. The data were plotted, and a curve of best fit was applied by eye. The
neutralization titer (NT50) was defined as the dilution of the serum that reduced
the average number of plaques by 50% compared to the mean number of plaques
of controls with no serum, according to the following formula (9): NT50 � DL �
[(P50 � PL) (DH � DL)/(PH � PL)], where DL is the reciprocal of the lower
dilution bracketing the 50% endpoint, DH is the reciprocal of the higher dilution
bracketing the 50% endpoint, P50 is the number of plaques at the 50% endpoint,
PL is the number of plaques at the lower dilution bracketing the 50% endpoint,
and PH is the number of plaques at the higher dilution bracketing the 50%
endpoint.

Vaccinia intranasal infections and protection studies. Age-matched female
BALB/c mice were used in all experiments. To infect the mice, VVWR was placed
on the nares of the mouse, using a Pipetman, in a volume of 10 �l, which was
then inhaled by the mouse. The mice were weighed daily from day 0 to day 21 to
assess disease progression and the protective efficacies of vaccinations. After
intranasal infection with VVWR, mice develop a systemic infection and exhibit
severe weight loss. Unprotected mice begin to exhibit some weight loss by day 4
and have 	30% weight loss by day 8, with nadir or death between days 8 and 12.
A dose of 105 PFU VVWR was the standard lethal dose given to 10-week-old
BALB/c females. In a series of pilot experiments, virus doses were titrated to
establish LD50s for BALB/c females at different ages (data not shown), so that an
appropriate LD50 dose was chosen for each vaccination experiment based on the
age of the mice used. The mice used were all 6 to 13 weeks old at the time of
challenge, depending on the experiment. We have validated that we obtain
consistent results with this VVWR intranasal-challenge system (see Fig. 5; addi-
tional data not shown). Slight variations of this protection model are used by a
number of laboratories, and it is a well-accepted murine model of protection
against vaccinia virus (1, 4, 50, 52, 69). For H3L protection studies, female
BALB/c mice (6 weeks old) were immunized with 50 �g purified H3L protein
emulsified in Ribi adjuvant (first series of experiments) or complete Freund’s
adjuvant (Difco Laboratories, Detroit, MI) (second series of experiments) and
then boosted 3 weeks later with H3L protein in Ribi (first series of experiments)
or incomplete Freund’s adjuvant (second series of experiments). Control mice
received adjuvant alone. In passive-transfer protection experiments, rabbit poly-
clonal anti-H3L antiserum or control preimmune rabbit serum was injected
intraperitoneally (200 �l) into groups of 10 BALB/c mice 1 day prior to intra-
nasal challenge with VVWR as described above.

Statistical analysis. Tests were performed using Prism 4.0 (GraphPad, San
Diego, CA). Statistics were done using a two-tailed, unpaired t test with 95%
confidence bounds unless otherwise indicated. Data from multiple experiments
to be concurrently analyzed were first normalized prior to statistical testing. Data
involving three or more groups were analyzed by one-way analysis of variance
with a Bonferroni multiple-comparisons posttest. Error bars are � 1 standard
error of the mean unless otherwise indicated. Kaplan-Meier survival analysis was
used for survival curves. Weight loss data were analyzed as “area under the
curve” comparisons, with each mouse treated as an individual data point, and the
significance of differences between experimental conditions was determined by
one-way analysis of variance.

RESULTS

Proteome microarray screening identifies H3L as an immu-
nodominant human antibody target. We developed VV pro-
teome microarrays to enable us to elaborate a more compre-
hensive understanding of the human humoral immune
response to the smallpox vaccine (15). We validated the mi-
croarray approach using VIG (15), and then we used the VV
microarrays printed with 185 different VV proteins to screen
serum samples from a panel of human volunteers both before
and after VV immunization (Fig. 1). Intriguingly, H3L was a

dominant component of the anti-VV human antibody response
(Fig. 1). H3L is a VV surface protein expressed on intracellular
mature virions (IMV) and participates in attachment of VV to
target cells (13, 14, 44). Typically, the human anti-VV antibody
response after secondary immunization was focused on a small
subset of antigens, with H3L, A10L, and D13L targeted most
heavily (Fig. 1A). H3L was of particular interest, as it is the
only surface envelope protein among the three dominant an-
tigens. Figure 1B shows H3L staining from representative hu-
man donors undergoing primary and secondary responses to
vaccinia virus. A primary response is characterized by moder-
ate titers of anti-H3L antibodies, although individuals vacci-
nated many decades previously often have detectable antibod-
ies to H3L still remaining from the primary infection. A strong
anamnestic response to H3L is observed after booster or sec-
ondary immunization (Fig. 1A to D). In addition, anti-H3L
antibodies are heavily represented in VIG (Fig. 1B) (15).
These observations led us to focus our immediate efforts on
understanding H3L as a major target of the anti-VV human
antibody response. A full survey of the proteomic data from
vaccinated humans will be reported elsewhere (D. H. Davies,
S. Crotty, and P. L. Felgner, unpublished data); here, we will
focus on the relevance of H3L.

Human antibodies against H3L neutralize vaccinia virus.
H3L was a known target of human antibody responses from
Western blot studies published by us and others (12, 17). Our
new proteomics studies have put this into the context of the
broader anti-VV humoral immune response (Fig. 1), showing
that H3L is an immunodominant target of human anti-VV
antibody responses. However, it is important to determine
whether the human anti-H3L immunoglobulin (Ig) is valuable
for protection against poxvirus infections. Does human anti-
H3L possess poxvirus-neutralizing activity? To address this
question, we affinity purified human anti-H3L Ig and tested it
in vitro.

VIG recognizes 14 specific antigens on the VV proteome
microarray (15), including H3L (Fig. 1B and C), and VIG is
available in high concentration. Therefore, we used VIG as a
source of human anti-H3L antibodies. Anti-H3L was affinity
purified from VIG by panning over nitrocellulose-bound H3L
protein and then eluting the anti-H3L Ig by low-pH wash (see
Materials and Methods). Each batch of affinity-purified anti-
H3L was of high purity, as verified by immunoblotting against
whole vaccinia particles (Fig. 2A). The purified immunoglob-
ulin concentration was determined by Bradford assay prior to
use in experiments. Affinity-purified human anti-H3L was then
tested for activity by VV PRNT50 (Fig. 2B). Human anti-H3L
exhibited substantial neutralization activity against VV in vitro,
with a top PRNT50 of 44 �g/ml (Fig. 2B). Statistical analysis of
three independent virus neutralization experiments revealed a
high level of statistical significance (P  0.0001).

In reciprocal experiments, we depleted anti-H3L antibodies
from human VIG or VV-immunized human serum (Fig. 2A),
and we were able to demonstrate a reduction of neutralizing-
antibody titers (data not shown). However, those data exhib-
ited substantial variability, indicating the presence of addi-
tional neutralizing-antibody specificities contributing to total
VV-neutralizing activity.

Mice immunized against H3L develop neutralizing antibod-
ies. Having established that human anti-H3L antibodies are a
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major component of the humoral immune response to the
smallpox vaccine, and having established that human anti-H3L
antibodies are VV neutralizing in vitro, we wanted to deter-
mine whether anti-H3L antibody responses are protective in
vivo. Various experimental systems have shown that there is

not a direct link between the in vitro virus neutralization ac-
tivity of an antibody and the in vivo protection against disease
afforded by antibodies (2, 18, 43, 61, 66). Therefore, it was
necessary to test whether anti-H3L antibody responses are
protective against poxvirus infection in vivo as well as in vitro.

FIG. 1. Protein microarray analysis of human antibodies generated during vaccinia infection reveals dominance of H3L. (A) VV proteome
microarray showing representative antibody profile of a donor undergoing a secondary vaccinia virus infection. This donor was immunized 40 years
previously and boosted with Dryvax; serum for probing the array was obtained 30 days after the boost. Annotated spots are vaccinia virus-specific
antibody reactivities, whereas nonannotated signals are irrelevant non-VV “background” antibody reactivities that are also seen in Dryvax-naı̈ve
human sera (15). (B) Detail of proteome microarrays showing spots for H3L and control protein (nonexpressing plasmid) probed with sera from
human donors before (Pre) and after (Post) Dryvax immunization. The data shown are representative of primary (1°) and secondary (2°) infections
by a vaccinia virus-naive individual and a different previously vaccinated donor, respectively. In both cases, sera were taken 30 days after a Dryvax
immunization. The previously vaccinated donor shows a typical anamnestic response to H3L. VIG is shown for comparison. Neutralization titers
(PRNT50) were as follows: naive donor, pre � 1/10, post � 1/2,000; previously vaccinated, pre � 1/40, post � 1/3,000; VIG 	 1/15,000.
(C) Quantification of anti-H3L and control signal intensities from the arrays shown in panel B. (D) Immunoblot of H3L expressed in vitro, probed
with the same sera used in panel B. The location of vaccinia virus H3L among the E. coli bands was determined by anti-histidine tag antibody (His).
In arrays and immunoblots, sera were used at 1/50 dilution, whereas VIG was used at 1/500.
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FIG. 2. Human anti-H3L antibodies neutralize vaccinia virus in vitro. (A) Representative immunoblot of whole vaccinia virus particles used for
screening affinity-purified anti-H3L antibodies. VIG control depl., VIG control depleted against E. coli proteins; VIG H3L depl., VIG depleted
against H3L protein; VIG anti H3L, human anti-H3L antibodies affinity purified from VIG. The right middle lane unequivocally determines the
location of the H3L band. (B) Plaque neutralization assays of monospecific human anti-H3L antibodies affinity purified from VIG. The PRNT50
of purified human anti-H3L was 44 �g/ml. One of three independent experiments is shown. Neutralization of VV by anti-H3L was statistically
significant (P  0.0001).
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In addition, there has been substantial discussion in the liter-
ature about the putative protective value of anti-IMV versus
anti-extracellular enveloped virus (EEV) antibody responses in
vivo (see Discussion), and therefore, again, in vivo tests of the
protective capacity of anti-H3L immunity were necessary.

We planned to address the value of an anti-H3L antibody
response by using a murine VV challenge model system. How-
ever, first we needed to establish the validity of this model by
determining the similarity of the murine and human antibody
responses to VV and H3L after immunization. Mice were
therefore immunized with VV, and their sera were analyzed by
VV proteome array staining (Fig. 3). Some 21 different anti-
gens were recognized by murine sera after VV immunization,
including a strong antibody response to H3L (Fig. 3A). Quan-
tification of signal intensities of the immunoreactive antigens
for six different BALB/c mice is shown in Fig. 3B. Strikingly,
the anti-H3L response was the strongest detected against a VV
surface antigen, which was similar to what we observed in
vaccinated humans (Fig. 1) (15). This conserved immunodomi-
nance of the anti-H3L antibody response in humans and mice
indicated that H3L is a highly immunogenic protein.

Mice were then immunized with purified recombinant H3L
protein in adjuvant (Fig. 4A). Sera from the immunized mice
specifically recognized H3L in the VV proteome arrays (Fig.
4B). In addition, the antiserum recognized authentic H3L from
vaccinia virions in both immunoblots (Fig. 4C) and ELISAs
(Fig. 4D) and was demonstrated to be IgG by ELISA. Most
importantly, we needed to establish whether murine anti-H3L

antibodies neutralize VV, as human anti-H3L antibodies do.
Sera from H3L-immunized mice were tested by standard
PRNT50 assay. Strong VV-neutralizing activity was detected in
the murine anti-H3L serum (Fig. 4E). H3L protein-immunized
mice actually possessed substantially higher neutralizing-anti-
body levels than VVNYBOH-immunized mice, demonstrating
the potency of H3L as an antigenic target (Fig. 4E). In sum-
mary, there were strong similarities between the immunodomi-
nances and neutralizing activities of anti-H3L Ig in both VV-
immunized humans and mice.

Mice immunized with H3L are protected against intranasal
vaccinia virus challenge. On the basis of the neutralizing prop-
erties of anti-H3L antibodies, H3L was evaluated for its ca-
pacity to protect mice from a lethal intranasal challenge with
VVWR. After intranasal infection with VVWR, unimmunized
mice develop pneumonia and exhibit rapid weight loss and
death within 7 to 9 days (data not shown; 1, 4, 21, 50, 52, 69).
Immunization of mice i.p. with VVNYBOH or VVWR engenders
full protective immunity against a subsequent intranasal chal-
lenge of virus (Fig. 5) (4, 21, 68).

Cohorts of mice were immunized twice with purified H3L
protein in adjuvant (Fig. 5A). Anti-H3L responses were
tracked by PRNT50, array-based ELISA, and traditional
ELISA. High anti-H3L titers were present in all H3L-immu-
nized mice prior to challenge (Fig. 4), with a mean PRNT50 of
1:3,760. Mice were then challenged with one 50% lethal dose
(LD50) of VVWR (Fig. 5B and C). Control groups of mice
immunized with the human smallpox vaccine (VVNYBOH) or

FIG. 3. Mice immunized with vaccinia virus develop an immunodominant anti-H3L response. (A) Representative scan of a vaccinia virus
proteome microarray probed with sera from an individual BALB/c mouse (no. 80) immunized i.p. 21 days previously with VVWR. The identities
of these antigens have been described previously (15). Arrays probed with preimmune sera showed no reactivity in this array (15). (B) Quanti-
fication of arrays stained with sera from six individual mice immunized 21 days previously with VVWR illustrating the consistency of the responses.
Underlined proteins are known envelope proteins. The horizontal line is a stringent cutoff, defined as the mean control signals plus three times
the standard deviation. H3L is the strongest VV envelope protein recognized.
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nothing (adjuvant alone or no injection) were also challenged.
Approximately 50% of the unimmunized mice died from the
intranasal VVWR infection, whereas all H3L-immunized mice
survived (Fig. 5C) (P  0.02). H3L mice also exhibited signif-
icantly less weight loss than control mice (Fig. 5B) (P  0.01).
A parallel group of mice was challenged with a very high dose
of VVWR (50 LD50), and the H3L-immunized mice were not
protected against that high challenge dose (data not shown)
(VVNYBOH-immunized mice were still protected against 50
LD50).

In a second experiment, H3L-immunized mice were chal-
lenged with 5 LD50 of VVWR, and those H3L-immunized mice
exhibited substantial protection from death compared to un-
immunized mice (survival, 4/5 H3L immunized and 1/7 unim-
munized; P  0.02) (Fig. 5E). In addition, morbidity and
weight loss were much less severe in the H3L-immunized co-
hort (P  0.01) (Fig. 5D). Therefore, immunization against
H3L using adjuvanted protein can provide substantial protec-
tion against pathogenic respiratory poxvirus infection.

Passive transfer of H3L-neutralizing antibodies protects
against intranasal VV challenge. To formally demonstrate that
neutralizing anti-H3L antibodies are protective, we performed
passive-transfer experiments. A sufficient quantity of anti-H3L
immunoglobulin for use in passive transfers was produced by

immunizing rabbits with H3L protein and subsequently collect-
ing the anti-H3L rabbit serum. The rabbit anti-H3L serum was
H3L specific by proteome array (not shown) and was shown to
be neutralizing by PRNT50 (Fig. 6A). The polyclonal anti-H3L
antiserum was then injected intraperitoneally (200 �l) into
BALB/c mice 1 day prior to intranasal challenge with 3 LD50 of
VVWR; 100% of the mice that received irrelevant serum (pre-
immune) died, while passive immunotherapy with anti-H3L
antibodies protected 50% of the mice (survival, 0/10 versus
5/10; P  0.02) (Fig. 6B). In a repeat passive-transfer experi-
ment, significant protection against morbidity and mortality
was observed against a 1-LD50 challenge (P  0.03), but not a
3-LD50 challenge. The partial protective efficacy in these ex-
periments is likely related to the limited neutralization capacity
of the volume of passively transferred anti-H3L serum once it
was diluted throughout the mouse, as it would be a lower titer
than in a mouse directly immunized with H3L protein (Fig. 4).
In summary, anti-H3L neutralizing antibodies provide substan-
tial protection against a lethal infection with a pathogenic
poxvirus.

DISCUSSION

Vaccinia virus provides excellent prophylactic immunity to
variola virus, the causative agent of smallpox. However, there

FIG. 4. Mice immunized with H3L protein develop potent anti-VV neutralizing antibodies. (A) Immunization schematic. Mice were immu-
nized twice with H3L protein in adjuvant, with the immunizations spaced 3 weeks apart. Control groups of mice received injections of adjuvant
alone, or no injections, or a single i.p. immunization with 105 PFU VVNYBOH. The mice were monitored for anti-H3L responses at multiple time
points postimmunization. 1°, primary; 2°, secondary. (B) Representative array scan of serum from a single mouse immunized with recombinant
H3L adjuvanted in Ribi. (C) Representative immunoblot of serum from a single mouse immunized against recombinant H3L protein (left lane)
probed against whole vaccinia virus particles (Fig. 2A). The right lane shows affinity-purified human anti-H3L to localize the H3L band.
(D) Anti-VV IgG in H3L-immunized mice was quantified by ELISA. Sera from H3L-immunized mice were tested against VV-infected cell lysate.
Anti-VV IgG levels were significantly above baseline after primary (P  0.01; endpoint titer � 1,366) and secondary (P  0.001; endpoint titer
� 1.27 � 106) immunizations with H3L. (E) Anti-VV neutralizing-antibody titers (PRNT50) were measured in H3L-immunized mice and mice
immunized with VVNYBOH. Mean neutralizing antibody titers in H3L-immunized mice were 3,760. Mean neutralizing antibody titers in 105 PFU
VVNYBOH-immunized mice were 172.
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is considerable interest in developing safer alternative vaccines
due to the risk of complications associated with vaccinia virus
in immunocompromised individuals. Determining the antigen
specificities and protective value of vaccine-induced antibody
and T-cell responses is an important issue for understanding
vaccinia virus-induced immunity and for the design of safer
vaccines. In order to gain a clearer understanding of the hu-
moral response to vaccinia virus, we have examined sera from
a panel of Dryvax-immunized human volunteers for potential
target antigens, using a novel proteome microarray approach

(15). This global approach to antigen discovery has revealed
several candidate antigens for consideration for inclusion in a
prophylactic subunit vaccine. H3L protein was among the VV
targets most frequently recognized by sera from vaccinees.
Additionally, the response to H3L was strongly anamnestic in
individuals undergoing a recall response to VV (Fig. 1). Those
observations led us to focus on understanding the immunolog-
ical relevance of H3L as a major target of human anti-VV
antibody responses. In the work reported here, we establish
H3L as an immunodominant target and take the key steps of

FIG. 5. Protection of mice immunized with recombinant H3L protein against an intranasal challenge with VVWR. (A) Immunization and
challenge protocol schematic. Mice were immunized twice with H3L protein in adjuvant, with the immunizations spaced 3 weeks apart. Control
groups of mice received injections of adjuvant alone (first experiment only), or no injections, or a single immunization with 105 PFU VVNYBOH.
1°, primary; 2°, secondary. (B) Body weight was tracked after intranasal challenge with 1 LD50 of VVWR. H3L-immunized mice exhibited
significantly less weight loss (P  0.01) than group A and D control mice (unimmunized). No difference was observed between groups A and D
(not shown). Groups A and D combined as “unimmunized,” n � 12; VVNYBOH, n � 4; H3L, n � 4. (C) Survival curve after intranasal challenge
with 1 LD50 of VVWR. Approximately 50% of the unimmunized mice died from the intranasal VVWR infection, while all H3L-immunized mice
survived (P  0.02). (D) Body weight was tracked after intranasal challenge with 5 LD50 of VVWR. Weight loss was less severe in the
H3L-immunized cohort (P  0.01). (E) Survival curve after intranasal challenge with 5 LD50 of VVWR. H3L-immunized mice exhibited substantial
protection from death compared to unimmunized mice (P  0.02; 4/5 H3L, 1/7 unimmunized).
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demonstrating functional protective roles for human anti-H3L
antibodies in vitro and protective roles for anti-H3L antibodies
in vivo in the mouse model system.

Vaccinia virions are complex macromolecular structures
consisting of some 100 different proteins, of which at least 18
are known envelope proteins (57). Given the antigenic com-
plexity of the VV envelope, antibodies to multiple envelope
polypeptides should have the potential to contribute to the
overall protection afforded to an immunized person. This view
is supported by our human antibody depletion experiments
and by protein immunization experiments by multiple investi-
gators in animal models (discussed below). However, very lim-
ited work has been done to directly identify VV envelope
targets of human neutralizing antibodies. Only B5R has clearly
been shown to be targeted by human neutralizing antibodies
(targeting EEV particles) (3), and now our work adds anti-
H3L antibodies to the list as a substantial component of the
neutralizing human anti-IMV immune response.

Protective antibodies confer protection through the recog-
nition of structures on the surfaces of virus particles. Four
main assembly states of mature VV particles are identified,
which differ in their envelope protein compositions (46, 57).
The most abundant particle is the IMV, which accumulates in
infected cells and which is released as the cells die (46). IMVs
are robust infectious virus particles and may represent the
principal type involved in transmission between hosts. An al-
ternate maturation pathway is taken by a proportion of IMVs.
They become wrapped in a double membrane from the trans-
Golgi to form the intracellular enveloped virus, which then
becomes translocated along microtubules to the cell surface,
where the outermost intracellular enveloped virus membrane
fuses with the plasma membrane (55). These virions may re-
main on the cell surface as cell-associated enveloped virus
(CEV) or be released from the cell surface as EEV (7). Both
extracellular forms are more fragile and less abundant than the
IMV and are considered to be primarily involved in transmis-
sion within the same host rather than between hosts (48).
Studies have demonstrated that antibodies against either IMV
or EEV particles can be protective (discussed below). In the
context of a vaccine to prevent host-to-host transmission, an-
tibodies against IMV surface antigen might be expected to play

a major role in protection. As such, our data suggest that
anti-H3L antibodies may be a major contributor in humans for
protection against variola virus infection. In general, anti-IMV
antibodies may protect primarily by neutralizing the virus in-
oculum, and anti-EEV/CEV antibodies may protect primarily
by limiting viral spread after infection, though there remains
debate as to the relative in vivo contributions of antibodies
against IMV versus EEV/CEV forms of the virion.

IMV antigens so far identified as being targets of VV-neu-
tralizing antibodies in any species include 5 of the 11 known
IMV membrane proteins. These are L1R (35, 36, 65), D8L
(34), A27L (17, 40, 50, 53, 54), A17L (62), and H3L (10, 44).
Vaccinia virus-neutralizing antibodies also recognize envelope
proteins found on other assembly states, including the impor-
tant EEV envelope protein B5R (24, 42). Human VIG is ef-
fective at limiting smallpox infection in humans (39) and con-
tains antibodies against both IMV and EEV targets (15). In
animal challenge studies, various levels of protection against
lethal infection have been achieved by immunization with en-
velope proteins. In mice, protection using protein-based vac-
cines has been achieved with A27L (17, 40); L1R, B5R, or
A33R alone (21, 24); or cocktails of A33R plus B5R (24),
A33R plus L1R (21), or A33R plus L1R plus B5R (21). In
general, the best protection was achieved with combinations of
recombinant proteins, particularly at higher doses of virus
challenge. Mice are also partially protected by DNA vaccine
encoding L1R alone, which is markedly improved by the coin-
jection of A33R DNA (30) or by a combination of four genes,
A27L plus A33R plus L1R plus B5R (31). Consistent with the
protective value of antibodies against those VV targets, pro-
tection of monkeys from lethal challenge with monkeypox virus
was achieved by a combination DNA vaccine including A27L
plus A33R plus L1R plus B5R, and measurable protection was
also achieved with L1R alone (32). Separately, passive-transfer
studies have been performed to show the protective value of
anti-B5R (24) and anti-A27L antibodies (50) in animal models.
Together, those studies demonstrated that effective protection
against infection can be achieved by antibody. However, again,
there have been few data that speak to the relevance of these
and others targets in VV-immunized humans.

Understanding the relevant protein targets on a pathogen is
always important for understanding mechanisms and roles of
humoral immunity, and VV is no exception. Hyperimmune
human serum (VIG) is the licensed therapy for smallpox virus
infection or disseminated vaccinia virus infection (23, 29).
Which envelope proteins are the major protective/neutralizing
targets of the human anti-VV antibody response? This is a
complex issue, made more complex by the existence of both
IMV and EEV virion forms. H3L is clearly a major target of
the human neutralizing-antibody response, and it is an IMV
surface protein. In the experiments presented here, anti-H3L
antibody responses were able to provide only partial protection
in vivo from lethal challenges with VV. Though there is clear
evidence in the literature that antibody responses against ei-
ther IMV or EEV proteins can be protective in mice (24, 50),
it makes intuitive sense that antibody responses against both
IMV and EEV would be better, to block all means of virus
spread. The partial protective efficacy of anti-H3L antibodies
observed here may be because responses against both IMV
and EEV surface proteins are necessary for complete protec-
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FIG. 6. Passive immunization with anti-H3L neutralizing antibod-
ies provides partial protection from a lethal VVWR challenge. (A) VV
neutralization activity of rabbit anti-H3L serum. (B) Survival curve
after 3-LD50 VVWR intranasal challenge. Ten mice per group. H3L-
immunized mice were protected (P  0.02).
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tion. There is some experimental evidence in mice supporting
this concept (21).

The 35-kDa polypeptide (p35) encoded by the H3L open
reading frame is an integral membrane protein that is acces-
sible to detergent extraction (13, 44). p35 is found predomi-
nantly in the envelope of IMVs (13, 14, 44). Soluble H3L
protein binds to cell-surface heparan sulfate and blocks the
adsorption of IMVs, indicating that p35 is a VV receptor
involved in target cell binding. VV H3L deletion mutants ex-
hibited a small-plaque phenotype and decreased viral yields,
and electron microscopic examination revealed defective
virion morphogenesis (13, 14, 44). Multiple vaccinia virus an-
tigens of 30 to 35 kDa were recognized by Western blotting in
experiments using antisera from rabbits, mice, or humans im-
munized with VV (17, 54, 64). Antigenic p35 was first identi-
fied as the product of the H3L gene by Zinoviev et al. and
Chertov et al. (10, 70), and rabbit antiserum to H3L was sub-
sequently shown to be neutralizing by Lin and colleagues (44).
(A separate group possibly studied the same protein but mis-
identified it as the VVIHD H6R gene product [25, 26]). Simi-
larly, antibodies to the orthologs of H3L are also seen after
infection with other orthopoxviruses, including orf virus, cap-
ripox virus, and fowlpox virus (8, 28, 33). The H3L gene is
strongly conserved among the orthopoxviruses. For example,
the H3L proteins from VVWR and variola virus share 96%
amino acid identity, which may contribute to the observed
cross-protection against variola virus afforded by vaccinia virus
immunization.

As discussed earlier, T cells are also of great importance for
control and clearance of poxvirus infections (4, 6, 37, 67, 68).
We have not addressed issues of T-cell immunity in this study,
as we have focused instead on humoral immune responses.
Our experiments show that H3L is an immunodominant target
of neutralizing antibodies after immunization of humans with
VV and after immunization of mice with H3L protein. While
memory T cells are highly capable of protection against pox-
virus infections—and the presence of T cells is required for
clearance of poxvirus infections—antibodies are sufficient to
protect against a challenge without the involvement of vaccine-
induced T cells (4, 19). Nevertheless, in the context of future
vaccine design, memory T cells are quite valuable, and any
subunit smallpox vaccine will likely need to stimulate both T-
and B-cell responses to reach a high level of protective efficacy
similar to that of vaccinia virus immunization.

In summary, we have studied the human antibody profile in
response to vaccinia virus using proteome microarray screen-
ing and have focused on H3L, as antibodies to this protein are
a dominant component of the response to vaccinia virus sur-
face antigens. We demonstrated that human anti-H3L antibod-
ies are capable of neutralizing VV in vitro. Furthermore, im-
munization of mice against H3L induces strong neutralizing
antibodies, and H3L-immunized animals or animals that re-
ceive passive transfer of anti-H3L antibodies are protected
against a lethal challenge with pathogenic vaccinia virus. This
work identifies H3L as a good candidate for inclusion in a
subunit vaccine against smallpox.
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